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Segmented filamentous bacteria (SFB) are noncultiv-
able commensals inhabiting the gut of various verte-
brate species and have been shown to induce Th17
cells in mice. We present the complete genome
sequences of both rat and mouse SFB isolated from
SFB-monocolonized hosts. The rat and mouse SFB
genomes each harbor a single circular chromosome
of 1.52 and 1.59 Mb encoding 1346 and 1420
protein-coding genes, respectively. The overall nucle-
otide identity between the two genomes is 86%, and
the substitution rate was estimated to be similar to
that of the free-living E. coli. SFB genomes encode
typical genes for anaerobic fermentation and spore
and flagella formation, but lack most of the amino
acidbiosynthesis enzymes, reminiscentofpathogenic
Clostridia, exhibiting large dependency on the host.
However, SFB lack most of the clostridial virulence-
related genes. Comparative analysis with clostridial
genomes suggested possible mechanisms for host
responses and specific adaptations in the intestine.
INTRODUCTION
Segmented filamentous bacteria (SFB) are Gram-positive anaer-
obic bacteria commonly having the characteristic morphology of
a long filamentous form (Davis and Savage, 1974). SFB are
mostly found in the small intestine of various species, including
mice, rats, pigs, and other mammals (Klaasen et al., 1992) as
well as chickens and fish (Allen, 1992; Urdaci et al., 2001).
Although morphologically similar populations are observed in
different host species, they are recognized to be genetically
distinct and host specific. It has been reported that no transmis-
sion of SFB has occurred between mice and rats (Tannock et al.,
1984) or between chickens and mice (Allen, 1992). PhylogeneticCell Host & Manalysis of SFB based on 16S ribosomal RNA genes predicted
a strong similarity with the genus Clostridium (Snel et al., 1995;
Imaoka et al., 1997).
In mice, SFB are recognized to play an important role in the
development of a normal immune system (Okada et al., 1994;
Umesaki et al., 1995; Suzuki et al., 2004). SFB have been
described to be a strong inducer of both B and T cell responses
and can stimulate a large panel of pro- and anti-inflammatory
T cell responses (Gaboriau-Routhiau et al., 2009). They typically
adhere tightly to the epithelium in the ileum, where their abun-
dance is correlated with reduced colonization and growth of
pathogenic bacteria (Garland et al., 1982; Heczko et al., 2000).
Recently, it was shown that monocolonization of mice with SFB
was sufficient to induce the appearance of CD4+ T helper cells
that produce IL-17 and IL-22 (Th17 cells) in the lamina propria
(Ivanov et al., 2009). In addition, colonization with SFB was
correlated with increased expression of genes associated with
inflammation and antimicrobial defenses. Yet both specific path-
ogen-free (SPF) mice with SFB and mice monoassociated with
SFB appeared completely healthy under normal conditions
(Ivanov et al., 2009). These observations clearly indicate that
SFB have the potential to trigger the components of the innate
immune system without actually causing any noticeable harm
to the host. However, without a complete genome sequence of
SFB, extensive analysis of the various roles of SFB is extremely
difficult.
Here we report the determination and analysis of the complete
genomesequencesof bothmouseand rat SFBand their compar-
ison with other species, including clostridia. The results present
interesting features of the SFB genome that distinguish it from
the pathogenic bacteria and contribute to the understanding of
the biology of SFB in triggering innate immune responses.
RESULTS
Genome Sequencing of Unculturable SFB
High-quality SFB were isolated from SFB-monocolonized
mice and rats as previously described (Umesaki et al., 1995).icrobe 10, 273–284, September 15, 2011 ª2011 Elsevier Inc. 273
Figure 1. Circular Representation of the SFB-Rat-Yit and SFB-Mouse-Yit Genomes
The putative protein coding (blue), tRNA (maroon), and rRNA (purple) genes of the chromosome are shown in the first (outermost) and fourth rings for the forward
and reverse strand, respectively. The second and third rings display the COGs classification of the predicted proteins. The fifth and sixth rings display the G + C
content and GC skew, respectively.
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mated to be at least 99% (Supplemental Information). Genomic
DNA prepared from the SFB was subsequently subjected to
in vitro whole-genome amplification to obtain sufficient quanti-
ties of DNA for genome sequencing. Sequencing was performed
by the whole-genome shotgun strategy using both Sanger and
454 sequencers.
General Features of SFB Genomes
The mouse and rat SFB genomes (henceforth called SFB-rat-Yit
and SFB-mouse-Yit, respectively) each consist of a single
circular chromosome 1,515,556 and 1,586,397 base pairs (bp)
in length, respectively, with a G + C content of 28% (Figure 1
and Table 1). Sequence assembly detected 9 and 13 possible
polymorphic sites, including base substitutions and indels, in
SFB-mouse-Yit and SFB-rat-Yit, respectively (Table S1). These
polymorphic sites occurred both in intergenic and coding
regions, some of which resulted in amino acid changes or frame-
shifts. However, the detected polymorphic sites did not com-
pletely overlap in the two genomes. The representative genome274 Cell Host & Microbe 10, 273–284, September 15, 2011 ª2011 Elsequences were constructed by selecting the higher-frequency
bases at each polymorphic site. Most of the representatives at
the polymorphic sites in one genome were identical to the corre-
sponding nonpolymorphic sites in the other genome. These data
indicate that very minor genetic subtypes are present in both
SFB populations.
Both mouse and rat SFB genomes are similar to most
analyzed clostridial genomes, and no regions showing signifi-
cantly higher G + C content, except for portions encoding
rRNA genes (Figure 1), were found. This lack of G + C fluctuation
indicates that recent events of gene acquisition by lateral gene
transfer have most likely not occurred. The putative replication
origin of the SFB genomes is indicated by a distinct inflection
point around the DnaA gene. Another inflection point marks
the putative replication terminus located on the side opposite
of the putative replication origin on the circular chromosome.
General features of the SFB-rat-Yit and SFB-mouse-Yit
genomes, along with several clostridial genomes, are summa-
rized in Table 1. These clostridial genomes were selected for
comparative analysis mainly because they are completelysevier Inc.
Table 1. General Features of the Clostridia and SFB Genomes
SFB-Rat-Yit SFB-Mouse-Yit C. pera,b C. teta,b C. sticka,c
Size (bp) 1,515,556 1,586,397 3,085,740 2,873,333 2,715,461
G + C content (%) 28 28 29 29 33
Average CDS length (bp) 1003 987 946 1006 945
Total number of CDSs 1346 1420 2723 2436 2573
Number of tRNA genes 39 38 96 54 59
Number of rRNA operons 5d 5 10 6 6
Based on NCBI GenBank annotations (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/) of the indicated genomes.
aC. per,C. perfringens str. 13 (Shimizu et al., 2002);C. tet,C. tetani E88 (Bruggemann et al., 2003);C. stick,C. sticklandii DSM 519 (Fonknechten et al.,
2010).
b Pathogenic clostridial species, data were analyzed for both genome and plasmid sequences.
cNonpathogenic clostridial species.
dOne orphan 5S ribosomal RNA gene is also present.
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species, and they have smaller genome sizes among the
clostridia.
Alignment of both SFB genomes revealed high structural
conservation, with an average nucleotide identity of 86% in the
aligned sequence (Figure S1). The SFB-mouse-Yit genome
harbors two prophages, whereas SFB-rat-Yit has none. One of
the prophages of SFB-mouse-Yit (SFBMY_P01) is intact and
was detected as an insertion (Figure S1), whereas the other
one (SFBMY_P02) is a degraded remnant similar to part of
SFBMY_P01. Most phage coding DNA sequences (CDSs)
showed high similarity to those in clostridia and other enterobac-
teria, suggesting the possibility of horizontal gene transfer
between SFB and these species. At least three loci of clustered,
regularly interspaced, and short palindromic repeats (CRISPRs)
are found in the SFB-mouse-Yit genome, whereas only one is
observed in SFB-rat-Yit. This locus of SFB-rat-Yit contains 22
spacer-repeat units, which are preceded by a gene cluster
encoding seven CRISPR-associated (Cas) proteins. The pres-
ence of these CRISPR loci suggests the possibility of exposure
of the SFB genome to invading foreign DNAs.
Functional Analysis of SFB Genomes
A total of 1346 and 1420 CDSs were predicted from the SFB-
rat-Yit and SFB-mouse-Yit genomes, respectively. Both SFB
genomes are smaller and contain fewer CDSs than the clostridial
genomes (Table 1). Putative functions were assigned to more
than 80% of the CDSs (1111 in SFB-rat-Yit and 1145 in SFB-
mouse-Yit). Functional categories were assigned to 974 (72%)
of the SFB-rat-Yit CDSs using the Clusters of Orthologous
Groups (COGs) of proteins database.
Comparison of all CDSs identified 1290 orthologous pairs
between the two genomes, accounting for 95.8% and 90.8%
of all the CDSs and 56 and 130 CDSs unique to SFB-rat-Yit
and SFB-mouse-Yit, respectively (Table S2). The amino acid
sequence identity between the orthologous pairs ranged from
30% to 100%andwas 83.4% on average. The orthologous pairs
include 1034 function-assigned, 97 conserved hypothetical, and
159 SFB-specific proteins. Of the 130 genes unique to SFB-
mouse-Yit, 56 genes are phage related, most of which are
located in SFBMY_P01, while only two phage-related genes
were found in the 56 genes unique to SFB-rat-Yit. Both sets ofCell Host & Munique genes include 15 and 23 paralogs in SFB-rat-Yit and
SFB-mouse-Yit, respectively. Of the unique genes, 18 and 27
are specific to SFB-rat-Yit and SFB-mouse-Yit, respectively.
To identify those functions that might have been lost due to
genome reduction in SFB, we compared the distribution of
COGs classes in SFBwith the three selected clostridia (Figure 2).
Within the ‘‘metabolism’’ category, coenzyme (H), amino acids
(E), and energy production (C) are poorly found in SFB. However,
they are rich in COGs for the transport and metabolism of
inorganic ions (P) and carbohydrates (G). SFB are also rich
in COGs belonging to translation, ribosomal structure, and
biogenesis (J) and replication, recombination, and repair (L),
but encode fewer proteins for transcription (K). Within the
‘‘cellular processes’’ category, SFB encode more proteins for
intracellular trafficking and secretion (U); posttranslational modi-
fication, protein turnover, and chaperones (O); and cell wall/
membrane/envelope biogenesis (M) in comparison to clostridia.
However, the clostridial genomes have more enzymes for signal
transduction (T).
To examine the similarity of SFB to the genus Clostridium, we
performed a comparative analysis of SFB-rat-Yit with 45 clos-
tridial genomes sequenced to date (Table S3). Surprisingly, the
number of rat SFB orthologs identified in host-associated clostri-
dia tends to be smaller than in the others (Table S3). This
suggests that rat SFB are distinct from the host-associated clos-
tridia. In addition, 277 (21%) unique CDSs were found in rat SFB,
out of which 164 either were annotated as conserved hypothet-
ical proteins or did not exhibit a match to any known protein in
the public databases.
Energy Metabolism
SFB have several features of a strict anaerobe, as predicted
from their genome sequence, and exhibit high similarity to the
pathogenic C. perfringens for energy metabolism. It has
a complete set of enzymes for the glycolytic pathway (Figure 3).
However, owing to the anaerobic nature of SFB, the enzymes
for the oxidative phase of the pentose phosphate pathway
were not detected, although it has at least two catalases and
one peroxiredoxin to tolerate the microaerobic environment in
the intestinal epithelia. We could not detect any genes coding
for the tricarboxylic acid cycle- or the respiratory chain-related
proteins. Instead, a pathway for anaerobic fermentation resultingicrobe 10, 273–284, September 15, 2011 ª2011 Elsevier Inc. 275
Figure 2. COGs Distribution of Predicted CDSs in the Two SFB and Clostridial Genomes
The profile of SFB differs from clostridia mainly due to genome reduction.
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(Figure 3).
In the fermentation pathway, pyruvate is converted to acetyl-
CoA, producing carbon dioxide (CO2) and hydrogen molecules
(H2). This anaerobic glycolysis could be the main energy source
for SFB as it is for the pathogenic C. perfringens. SFB differ from
C. perfringens and resemble the pathogenic C. tetani in lacking
a respiratory electron transport chain; therefore, ATP production
must be accomplished by substrate-level phosphorylation.
In both SFB and C. tetani, ATP synthase is of the V1V0 type;
however, SFB primarily uses H+ in contrast to C. tetani, which
uses Na+ to create a gradient.
SFB may uptake and utilize a variety of sugars, including
ribose, mannose, cellobiose, fructose, and ascorbate, for
deriving energy with the aid of specific transport systems for
these sugars (Table S4). The complete pathways for metabo-
lizing these absorbed sugars to glyceraldehyde-3-phosphate
were also detected (Figure 3).
It is noted that almost all the enzymes of the ula system for
the fermentation of L-ascorbate were encoded in both SFB
genomes (SFBR_0853 to SFBR_0860 and SFBMY_0934 to
SFBMY_0941). Among the members of clostridia, only the path-
ogenic C. perfringens ATCC 13124 (Myers et al., 2006) and two
strains ofC.botulinumharbor a similarula system.Themain func-
tion of the ula system is the transport and transformation of
L-ascorbate into D-xylulose-5-P, which is subsequently meta-
bolized by the nonoxidative pentose phosphate pathway to
glyceraldehyde-3-phosphate or fructose-6-phosphate, which
are intermediates of theglycolytic pathway (YewandGerlt, 2002).276 Cell Host & Microbe 10, 273–284, September 15, 2011 ª2011 ElAmino Acid, Cofactor, and Nucleotide Biosynthesis
Due to its reduced genome size, SFB have lost many genes for
the biosynthesis of amino acids, cofactors, and nucleotides.
The lack of many enzymes for amino acid biosynthesis
indicates the similarity of SFB to pathogenic clostridia like
C. perfringens and C. tetani, in fine contrast to the nonpatho-
genic C. acetobutylicum (No¨lling et al., 2001), which has
a complete set of genes for this process. The genes for the
biosynthesis of alanine, arginine, aspartate, aromatic amino
acids, branched-chain amino acids, cysteine, glutamate, histi-
dine, methionine, proline, serine, and threonine are absent in
SFB. On the other hand, various amino acid transporters and
permeases, including arginine, glutamine, oligopeptide/dipep-
tide, and branched-chain amino acids, are found in the SFB
genomes, indicating an efficient exogenous uptake of amino
acids (Figure 3). Possible sources of amino acids for SFB,
besides those available from host food ingredients, are the
proteinaceous products, peptides and amino acids obtained
by the degradation of host proteins by the action of proteases
secreted by SFB. Toward this, the SFB-rat-Yit genome contains
about 28 proteases and 53 peptidases (Table S4), of which only 4
and 18 proteins, respectively, are likely to be secreted.
Most of the enzymes for de novo biosynthesis of nucleotides
are also absent in the SFB genomes. Thus, this process may
be accomplished by following some alternative routes (Figure 3).
For example, adenine/hypoxanthine-guanine/uracil phosphori-
bosyltransferase, all three of which are identified in both SFB
genomes, catalyze the formation of nucleoside monophos-
phate from 5-phosphoribosyl-1-diphosphate (PRPP) and ansevier Inc.
Figure 3. Solute Transport and Metabolic Pathways in SFB-Rat-Yit
A schematic diagram of a SFB cell was deduced from the genes identified in the genome. Presumed transporter specificity is indicated. Ovals represent
permeases, rectangles represent import/export-type transporters, and rectangles with two circles and two diamonds represent ABC-type transporters. Color
coding for transporters is as follows: yellow, carbohydrates; green, cations; blue, amino acids; burgundy, anions; pink, cofactors; purple, nucleotides. The solute
transporters and metabolic pathways predicted in the SFB-mouse-Yit genome are highly similar to those in the SFB-rat-Yit genome.
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was identified in both genomes along with the enzymes for the
conversion of thiamine to thiaminetriphosphate (TPP). TPP is
a cofactor for the transketolase enzyme, which is required for
the formation of PRPP precursor D-ribose-5-phosphate from
D-glyceraldehyde-3-phosphate.
Sporulation and Germination
We identified 77 genes related to sporulation and germination in
both SFB genomes, respectively, by similarity search to genes
from the spore-forming clostridia. A majority of the key genes
encoding sporulation-related sigma factors and other stage-
specific sporulation proteins were identified in SFB. When
initiated, sporulation can proceed from forespore formation to
stage IV. However, similar to most clostridial genomes, severalCell Host & Mproteins for the phosphorelay system that initiate sporulation
are missing, including Spo0F, Spo0B, and the Kin proteins.
Among the germination-related proteins, at least one ger operon,
encoding GerA family of germinant receptors, was identified in
SFB. It is interesting to note that this ger operon is immediately
preceded by the ispE gene, which is a component of the
methyl-erythritol phosphate (MEP) pathway for the biosynthesis
of terpenoids, and all the members of the MEP pathway were
identified in SFB. These data suggest that SFB may be able to
synthesize terpenoids essential for membrane and peptido-
glycan biosynthesis, and this pathway may be coupled with
the germination process. In addition, the cphAB genes, which
encode cyanophycin synthetase and cyanophycinase, were
identified downstream of the ispE gene. The SFB genomes
also encode an isopartyl dipeptidase, which is required for theicrobe 10, 273–284, September 15, 2011 ª2011 Elsevier Inc. 277
Figure 4. Genetic Loci Encoding Chemotaxis- and Flagellar Biosynthesis-Related Proteins in the SFB-Rat-Yit Genome
Arrows indicate the genes encoding proteins for chemotaxis and flagellar biosynthesis, including four flagellin proteins (FliC1 to FliC4) in the SFB-rat-Yit genome.
Three flagellin proteins (SFBMY_0546, SFBMY_0602, and SFBMY_0899) in the SFB-mouse-Yit genome are also indicated. The function of gene products is
shown by different colors listed in the box.
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Genome Sequence of Segmented Filamentous Bacteriabiosynthesis of cyanophycin. These findings indicate that SFB
can synthesize cyanophycin, which may be used as an amino
acid source in the germination process.
Both mouse and rat SFB are known to be resistant to chloro-
form, but no reports have shown that the SFB can actually form
spores. Scanning (SEM) and transmission electron microscopy
(TEM) were used to identify SFB spores, as well as other
morphologies, in rat intestinal contents (Figure S2). The data
clearly displayed SFB spores, which exhibit similarity to those
observed for rainbow trout SFB (Del-Pozo et al., 2010).
Flagellar Assembly
Similar to many clostridia, SFB encode more than 40 putative
chemotaxis- and flagella-related proteins (Figure 4). This is in
contrast to C. perfringens, which lacks all these genes. In addi-
tion, four methyl-accepting chemotaxis proteins, which are
uniquely identified only in SFB as compared to the clostridial
genomes, are encoded. This indicates that, to a lesser degree,
SFBmay sense different attractants in the intestinal environment
than the clostridial genomes.
The two SFB genomes differ in the number of flagellin proteins
they harbor (Figure 4). There are four flagellin proteins encoded
by SFB-rat-Yit (FliC1 to FliC4) and three by SFB-mouse-Yit
(FliC1 to FliC3). A pairwise sequence comparison of the FliC
proteins indicates that FliC1 and FliC2 of SFB-rat-Yit are highly
similar to each other (81% identity), suggesting they may be
paralogs, and FliC1 of SFB-mouse-Yit corresponds to FliC2 of
SFB-rat-Yit (90% identity). We examined the expression of
mRNAs of FliC1 to FliC3 in SFB-mouse-Yit using quantitative
RT-PCR. The results showed that only a few copies of the
mRNAs per genome were transcribed from two (FliC2 and
FliC3) genes in the small intestine, but none was detected in
cecum (Figure S3A).
Expression of flagellin proteins on bacterial flagella is also
implicated in the innate production of Th17 cells. Recently, the
involvement of flagellin, which is a known agonist of TLR5
(Hayashi et al., 2001), was demonstrated in the induction of tran-278 Cell Host & Microbe 10, 273–284, September 15, 2011 ª2011 Elsient transcription of genes encoding interleukins IL-17 and IL-22
in mouse gut (Uematsu et al., 2008; Van Maele et al., 2010).
Binding sites for both TLR5 and flagellin have been previously
proposed (Jacchieri et al., 2003). This motif, representing the
binding site of TLR5 on the flagellin proteins of SFB, is highly
conserved (Figure S3B). Since several clostridial genomes
encode flagellar assembly proteins, we investigated whether
the commensal intestinal clostridia also harbor these proteins.
We used 19 commensal intestinal clostridial genomes for this
analysis. (Table S3). Only 5 out of the 19 clostridial genomes
harbor complete sets of flagellar assembly genes. Surprisingly,
alignment of the flagellin proteins demonstrated that the TLR5
binding motif is absent in all commensal intestinal clostridia
examined, except for C. sporogenes (Figure S3B). This clearly
indicates that SFB uniquely harbor flagellar assembly proteins
withflagellins capableof binding to theTLR5 receptors.However,
the commensal intestinal clostridia either lack flagella or form
flagella composed of flagellins devoid of the TLR5 binding motif.
This is perhaps why SFB is able to induce Th17 cells, whereas
other commensal intestinal clostridia cannot (Ivanov et al., 2009).
Adhesins, Secretory, and Other Cell-Surface Proteins
SFB-rat-Yit has 92 predicted adhesins, most of which are shared
with SFB-mouse-Yit (Table S5). In rat SFB, 63 (68%) of them are
unique as compared to all the completely sequenced clostridial
genomes. As expected, a majority of the predicted adhesins
(65%) are hypothetical. Sixteen out of 92 adhesins were pre-
dicted as lipoproteins, and 37 were predicted as secretory.
Among the annotated adhesins, SFB-rat-Yit has two fibronectin
binding proteins. The presence of these proteins suggests the
interaction of SFB with various components of the extracellular
matrix, particularly fibronectin. In addition, SFB-rat-Yit has three
copies of a protein belonging to the HAD superfamily hydrolases,
which are known adhesins and virulence factors in some fungal
pathogens (Herna´ndez et al., 2010).
A characteristic of mainly pathogenic Gram-positive bacteria
is the presence of surface-associated proteins with a C-terminalsevier Inc.
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(Bru¨ggemann and Gottschalk, 2008) and sortase-encoding
CDSs, which are responsible for attaching these proteins to
the cell wall. Interestingly, none of the predicted adhesins in
SFB were found to harbor the motif LPxTG or any CDS encoding
sortase. In addition, the predicted adhesins did not contain any
proteins with the choline binding repeat, which are also impli-
cated in the anchoring of adhesins in some Gram-positive
bacteria such as S. pneumonia (Yother and White, 1994). Taken
together, these data suggest that SFB adhesins may be anchor-
less in nature and may have evolved unique and specialized
mechanisms of anchoring to the intestinal epithelium.
To manage these putative membrane-associated proteins,
SFB have a Sec-dependent secretory machinery similar to
clostridial genomes. SecA, SecD, SecE, SecF, SecY, and SecG
could be identified; however, SecB, a translocation-specific
chaperone, appears to be missing in SFB and the clostridial
genomes, indicating the existence of a modified Sec system.
Alternatively, other proteins involved in protein secretion may
take over the SecB functions. A homolog of YajC (SFBR_0725),
which can form an integral membrane heterotrimeric complex
together with SecD and SecF (Nouwen and Driessen, 2002),
is present. Another protein (SFBR_1343) exhibits homology
to E. coli YidC, which has been shown to interact with the
SecDFyajC complex. Furthermore, SFBR_1322 is homologous
to a clostridia-specific protein with similarities to the C-terminal
domain of SecA.
In addition, SFB-rat-Yit possesses genes of a signal-recogni-
tion particle (SRP)-like pathway, a protein translocation system
similar to mammalian SRP. This system is thought to play an
essential role in protein translocation and membrane protein
insertion (Lu¨tcke, 1995). It consists of a signal recognition
particle protein, Ffh (SFBR_0564), and a part of the SRP
receptor, FtsY (SFBR_0562), which is thought to mediate the
reception and insertion of a subset of proteins at the cytoplasmic
membrane. In SFB-rat-Yit as well as in all other sequenced clos-
tridia, there are genes clustered with FtsY and Ffh (SFBR_0562 –
SFBR_0570) that are putatively involved in the SRP-dependent
secretory mechanism.
SFB lack the typical surface layer proteins (SLPs) that are
present in most clostridia. The SLPs and glycoproteins are
responsible for the formation of the surface layer surrounding
the cell, which is a well-characterized virulence factor that
undergoes antigenic variation, as shown in C. difficile (Ausiello
et al., 2006). Type IV pili are important for the tight adhesion of
bacteria to host cells and mediate bacterial twitching motility.
All the sequenced clostridia appear to produce type IV pili. In
the SFB-rat-Yit genome, at least five proteins related to the
type IV pilus biogenesis system and the type II secretion system
have been found. Given these observations, the possibility of
occurrence of pili-like structures in SFB cannot be ruled out.
Virulence Factors
Although a few virulence-related proteins were identified in the
SFB genomes, a majority of those that occur in the pathogenic
clostridia are missing in SFB. We identified the fibronectin
binding protein (SFBR_0841 and SFBMY_0923), the hemolysin
A protein (SFBR_0552 and SFBMY_0616), at least two copies
of collagenases (SFBR_0428, SFBR_0692, SFBMY_0487, andCell Host & MSFBMY_0775), and two copies of phospholipase C zinc
binding proteins (SFBR_0246, SFBR_0638, SFBMY_0291, and
SFBMY_0715) in both genomes. Many of them are thought to
be involved in pathogenesis and show high sequence similarity
to those often found in pathogenic clostridia.
Evolution of SFB Genomes
The colonization of rat and mouse SFB occurred in a host-
specific manner (Tannock et al., 1984). Their hosts, rat and
mouse, diverged from a common ancestor approximately
12–24 million years ago (Gibbs et al., 2004). Thus, the substitu-
tion rate of SFB genomes can be calculated by comparing
both genomes. For this estimation, we made an assumption
that the divergence time of the two SFB genomes is the same
as that for their hosts. The mean and standard deviation of dS
(synonymous substitution) were calculated as 0.59 and 0.14 for
the orthologs between the two SFB, respectively. The mean
dS for SFB is about four times higher than that of the host mouse
and rat genomes (Abe et al., 2004). If the two SFB genomes
diverged following host divergence, under the assumption of
a molecular clock, the evolutionary rate of synonymous substitu-
tion for SFB becomes 1.2–2.5 3 108/site/year. Interestingly,
this substitution rate of SFB is not much different from those
of E. coli and the endosymbiont Buchnera, with substitution
rates of 8.2 3 109 and 4.5 3 109, respectively (Ochman
et al., 1999).
Analysis of the distribution of dN (nonsynonymous substitu-
tions), dS, and dN/dS along the chromosomes did not show
any clear mutational hotspots or highly diverse regions (data
not shown). Among the orthologs, we found only two pairs
(SFBR_0934:SFBMY_1018 and SFBR_0582:SFBMY_0655) hav-
ing a dN/dS ratio of >1, but both encode hypothetical proteins.
Among the orthologous pairs, 56 (4.3%) show low similarity
with an amino acid identity of %65%, 45 of which encode
hypothetical proteins, while the remaining 11 were assigned
putative functions, including an endonuclease of the restric-
tion-modification system, peptidase/protease, phospholipase,
flagellar hook-length control protein, DNApolymerase III subunit,
and lipoprotein (Table S6). These highly diverse genes may be
involved in host specificity of SFB colonization.
Phylogenetic Position of SFB
We determined the phylogenetic position of SFB using concate-
nated sequences of 20 ribosomal proteins from SFB-rat-Yit,
SFB-mouse-Yit, and 45 different clostridial species (Table S3).
The final tree topology confirms the branching of the two SFB
among the subphylumClostridium (Figure S4). The tree indicates
that SFB exhibit no significant affinity with any other species or
group and belong to a long-isolated lineage next to the preclas-
sified cluster I of clostridial phylogeny determined using 16S
ribosomal RNA (16S) sequences (Collins et al., 1994). This phylo-
genetic analysis supplements the previous analysis based on
16S sequences of several SFB and other clostridia (Snel et al.,
1995).
By searching the public databases, we identified three addi-
tional nearly full-length 16S sequences with R94% identity to
the mouse and rat SFB sequences. These 16S sequences
were defined as uncultured bacterium clones originating from
human skin (JF168221), gorilla feces (EU474247) (Ley et al.,icrobe 10, 273–284, September 15, 2011 ª2011 Elsevier Inc. 279
Figure 5. Phylogenetic Tree Based on 16S rRNA Sequences of SFB
The 16S sequences from mouse and rat SFB (this study); three published sequences from chicken, rainbow trout, and monkey SFB; three additional sequences
identified in this study; and 28 Clostridium strains were used. A distinct clade composed of 16S sequences derived from the eight hosts, including mouse and
rat, is boxed.
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These 16S sequences and those of known SFB from mouse,
rat, chicken, monkey (Imaoka et al., 1997), and rainbow trout
(Urdaci et al., 2001) share 94%–98% nucleotide identity and
form a cluster distinct from other clostridia (Figure 5).
Distribution and Quantification of SFB in Mouse
and Rat Intestinal Tracts
We analyzed the quantity and distribution pattern of SFB in the
intestinal area in adult SPF mice and rats by quantitative PCR
(qPCR) using SFB 16S- and genome-specific primers (Table
S7). The results showed that the ratio of mouse SFB to all
bacteria in the ileum part was higher than that in any other intes-
tinal areas inmice (Figures S5A and S5B). The pattern of distribu-
tion and the quantity of SFB were found to be similar between
two genetically different strains of SPF mice. Similarly, a higher
ratio of rat SFB was observed in the ileum part (Figures S5C
and S5D).
The composition ratio of SFB has been roughly estimated to
be 0.1%–10% in the jejunum and ileum parts in both SPF
rats andmice. These data suggest that SFB are still predominant
in the intestine of adult rats and mice, even though it has been
reported that SFB are prevalent during the weaning period of280 Cell Host & Microbe 10, 273–284, September 15, 2011 ª2011 Elthe host and then progressively decrease to nonpredominance
in aged mice (Klaasen, et al., 1993, Suzuki, et al., 2004).
DISCUSSION
In accordance with the small genome size of SFB, they have lost
many enzymes for completing pathways essential for their
growth and survival, including biosynthesis of amino acids,
cofactors, and nucleotides. However, SFB proteases and nucle-
ases and transport system are mainly responsible for the extra-
cellular uptake of these essential nutrients from the environment.
Thus, SFB appear to live in a symbiotic manner in mammalian
small intestines and remain unculturable. How SFB enter and
are sustained in the host intestine remains largely unknown,
but the presence of sporulation- and germination-related genes
indicates that they can survive in the form of spores, as well.
The preferred niches for SFB colonization are the jejunum and
ileum. These niches are also the sites rich in simpler sugars
generated from the degradation of carbohydrates by the ‘‘brush
border’’ degradative enzymes. Thus, SFB mainly thrive on
imported smaller sugars because they lack the enzymes for
degradation of complex polysaccharides. These sugars are
metabolized to generate energy and abundant gases, includingsevier Inc.
Cell Host & Microbe
Genome Sequence of Segmented Filamentous BacteriaCO2 and H2. These gases further enhance the anaerobic atmo-
sphere, making the environment more suitable for SFB.
The immune response exerted by SFB may be correlated
with its ability to penetrate and tightly adhere to the intestinal
epithelium. It has been reported that the flagella is an efficient
apparatus for penetration by Gram-negative bacteria (Blocker
et al., 2003). A complete set of genes for flagellar assembly
was identified in both SFB genomes. However, as in previous
studies, we also failed to detect flagellated SFB cells by electron
microscope analysis (Klaasen et al., 1992; Meyerholz et al.,
2002; Yamauchi and Snel, 2000). In the case of pathogenic
V. cholera, the flagella break upon penetration of the host mucin
and, as a result, remain undetected using electron microscopy
(Liu et al., 2008). Thus, a similar scenario may be expected for
SFB. SFB harbor a fibronectin binding protein and several
proteins predicted to be secreted adhesins and lipoproteins,
all of which may be involved in their interaction with the extra-
cellular matrix and tight attachment to the host tissues. SFB
adhesion has been associated with actin accumulation in mouse
ileal epithelial cells. These cytoskeletal arrangements within
mouse enterocytes are proposed to form a socket by which
the bacterial filaments become permanently attached to the
mucosal surface (Jepson et al., 1993). In this context, phospho-
lipase C is especially important because, in several pathogens, it
induces intracellular free calcium levels, which plays an impor-
tant role in cell actin rearrangement (Levin et al., 1997; Wads-
worth and Goldfine, 1999).
Binding of flagellins of several commensal and pathogenic
bacteria to TLR5 has been shown to elicit recognition and
response by the innate immune system. For example, the
flagellin of commensal E. coli strain MG1655 is necessary and
sufficient to trigger the proinflammatory pathway via its interac-
tion with TLR5 (Bambou et al., 2004).We identified genes encod-
ing the flagella containing the TLR5-binding motif in both SFB
genomes. This finding strongly suggests the involvement of
SFB flagellins in the induction of Th17 cells in a TLR5-dependent
manner, whereas this may not be the case for the commensal
intestinal clostridia, because all of them examined, except for
C. sporogenes, did not have the TLR5-binding motif. On the
other hand, the mRNA level of SFB flagellin genes is very low
even in the small intestine, where SFB can tightly interact with
the epithelial cells, and flagellated SFB cells have not been
detected, implying either that only a small fraction of SFB are
flagellated or that flagellin genes are induced under certain
conditions. Therefore, it is conceivable but not conclusive that
the flagella are expressed or functional in a biologically relevant
context. A biological assay using SFB is required to address
these questions on the action of SFB via TLR5 receptor
signaling, but we have not yet attempted this experiment,
because it is very difficult at this point to prepare highly purified
flagellated SFB or lysate rich in flagellin proteins. The above
observations led us to propose an alternative hypothesis that
molecules other than the flagellin may be involved in the immune
modulation by SFB.
There is a strong correlation between the production of IgAs
and SFB levels, and IgAs lead to repression of SFB levels in
rodents (Umesaki and Setoyama, 2000; Suzuki et al., 2004).
The induction of IgAs upon colonization of SFBmay limit contact
between commensal bacteria and the epithelial barrier, therebyCell Host & Mpreventing protracted inflammation (Macpherson et al., 2000).
Further studies will help to delineate how SFB colonize the small
intestine and what adhesins participate in the colonization of
SFB without inducing an intestinal inflammatory response dele-
terious to the host.
SFB harbor some virulence-related proteins, including extra-
cellular proteases such as collagenase, hemolysin, fibronectin
binding protein, and phospholipase C. The presence of these
proteins might explain the upregulation of inflammatory
response host genes, such as serum amyloid A, in germ-free
mice colonized with SFB (Ivanov et al., 2009). However, the
lack of several toxins and stronger virulence-related proteins
such as those identified in pathogenic clostridial genomes indi-
cates toward a mild pathogenic nature of SFB that may not
produce any noticeable harmful effect on host health.
It is evident that SFB are more distinct from the host-associ-
ated clostridia than others having multiple habitats. This
suggests that SFB originated from an ancestral bacterium close
to clostridia, having multiple habitats, and that they have inde-
pendently evolved in the restricted intestinal environment of their
hosts. This distinction of SFB from the host-associated clostridia
may be related to their different effects on host immunity. SFB
induce the production of proinflammatory Th17 cells, whereas
the host-associated clostridia regulate the anti-inflammatory
regulatory T cells (Atarashi et al., 2011).
The 16S sequences highly similar to those of mouse and rat
SFB were identified in the 16S data sets of the microbiota from
human, gorilla, and dog. These 16S sequences also may have
originated from SFB inhabiting the hosts. However, the human-
derived 16S sequence was found in the enumeration of 16S
data from the skin microbiota, but not in the gut microbiota.
Considering the preferred habitat of SFB, we cannot exclude
the possibility of contamination of SFB derived from other
animals that came in contact with human skin.
From the fact that the average nucleotide identity between the
rat and mouse SFB genomes is 86%, it can be inferred that
a human SFB genome, if present, may have nucleotide identity
of 86% or less with the rat or mouse SFB genomes. Thus, it
would be difficult to determine the presence or absence of
human SFB by means of similarity analysis using only the rat or
mouse genomic sequences.
The present study has unveiled several unforeseen features of
the SFB genomes, such as their ability to form spores, a reduced
genome size accompanying loss of several essential genes, and
most importantly their pathogen-like gene repertoire including
host-dependent energy acquisition and putative expression of
flagella. However, the absence of virulence-related genes high-
lights their similarity to the nonpathogenic commensals. These
genomic features make SFB an intermediate bacterium of path-
ogens, nonpathogens, and endosymbionts, and this uniqueness
may be largely related to their coevolution with the host. In two
other studies, genome analysis on the same mouse SFB isolate
used in this study (Sczesnak et al., 2011) and on a different
isolate (Kuwahara et al., 2011) yielded similar results.
Finally, the present study showed that SFB from various hosts
form a distinct clade at the rank of genus and are worthy of sepa-
rate genus status in the Clostridium subphylum with the previ-
ously proposed Arthromitus as the genus name (Snel et al.,
1995). Because of the role of SFB in the development of a normalicrobe 10, 273–284, September 15, 2011 ª2011 Elsevier Inc. 281
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the complete scientific name ‘‘Arthromitus immunis’’ for SFB.
EXPERIMENTAL PROCEDURES
Animals
BALB/c and C57BL/6 mice (10-week-old males), and Fischer (F344) rats
(8-week-old males), were purchased from CLEA Japan. The animals were
maintained under SPF conditions in the animal facilities of RIKEN and Yakult
Central Institute until ready for experimental use. All animal experiments
were approved by the Animal Research Committees of RIKEN Yokohama
Research Institute and Yakult Central Institute.
Isolation of SFB
Feces of mouse-derived SFBmonocolonized adult mice (Umesaki et al., 1995)
and cecal contents of rat-derived SFBmonocolonized adult rats (Imaoka et al.,
1997) were used for SFB preparation. Microbial DNA was isolated using the
lysis method in which both lysozyme and purified achromopeptidase are
included (Morita et al., 2007) as described in Supplemental Information.
Genome Sequencing, Assembly, and Gap Closing
The genome sequences of both mouse and rat SFB were determined by the
whole-genome shotgun strategy using Sanger sequencing and 454 pyrose-
quencing. We produced 30,720 and 19,200 pair-end reads by Sanger and
112,409 and 252,419 reads by 454 for the mouse and rat SFB genomes,
respectively. The hybrid assembly of Sanger and 454 data generated 46 and
18 contigs for the mouse and rat SFB genomes, respectively. Gap closing and
resequencing of low-quality regions were conducted by Sanger sequencing to
obtain the high-quality finished sequence as described in Supplemental
Information.
Computational Analysis of SFB Genomes
Open reading frames (ORFs) of R30 amino acids were predicted in the
finished sequences by using our in-house iMetaSys pipeline (Hongoh et al.,
2008), which integrates both the Glimmer (version 3.02) and the MetaGene
gene prediction software. The ORFs were annotated using BLASTP (version
2.2.24) against the NCBI NR protein database (version as of December 8,
2010) with an e-value cut-off of 106. Other annotations, including tRNA and
rRNA prediction, COG assignment, and pathway mapping, were also per-
formed using the iMetaSys pipeline. For comparative analysis, assignment
of orthologs, and similarity searches, a threshold of 30% amino acid sequence
identity and 60% coverage of both query and hit in the alignment was used.
Phylogenetic analysis was performed using concatenated ribosomal proteins
and 16S sequences. The substitution rate was calculated by determining the
dS and dN (nonsynonymous substitutions) values per site for all of the homol-
ogous sequences between both SFB genomes. Details of the computational
tools and search conditions used in this study are described in Supplemental
Information.
ACCESSION NUMBERS
The genome sequences of SFB-mouse-Yit and SFB-rat-Yit were deposited in
the DDBJ/EMBL/GenBank databases under accession numbers AP012209
and AP012210, respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, Supplemental Experimental
Procedures, Supplemental References, and seven tables and can be found
with this article online at doi:10.1016/j.chom.2011.08.007.
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